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Abstract 20 

Many unannotated microproteins and alternative proteins (alt-proteins) have 21 

recently been found to be co-encoded with canonical proteins, but few of their 22 

functions are known. Motivated by the hypothesis that alt-proteins undergoing 23 

active or stress-induced synthesis could play important cellular roles, here, we 24 

developed a chemoproteomic pipeline to identify nascent alt-proteins in human 25 

cells. We identified 22 actively translated unannotated alt-proteins, one of which 26 

is upregulated after DNA damage stress. We further defined MINAS-60 27 

(MIcroprotein that Negatively regulates ASsembly of the pre-60S ribosomal 28 

subunit), a nucleolar localized alt-protein co-encoded with human RBM10. 29 
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Depletion of MINAS-60 increases the amount of the mature 60S ribosomal 30 

subunit, consequently upregulating global protein synthesis and cell proliferation 31 

by repressing late-stage pre-60S assembly and export of the 60S ribosome 32 

subunit to the cytoplasm. Together, these results implicate MINAS-60 as a 33 

repressor of ribosome biogenesis, and demonstrate that chemoproteomics can 34 

enable generation of functional hypotheses for uncharacterized alt-proteins. 35 

 36 

Introduction 37 

Expression of thousands of previously unannotated small open reading frames 38 

(smORFs, typically defined as ORFs comprising fewer than 100 codons and, in 39 

some studies, up to 150 codons1) has recently been revealed in mammalian 40 

cells2. These smORFs are found in long non-coding RNAs, 5' and 3' untranslated 41 

regions (UTRs) of mRNAs, and frame-shifted ORFs overlapping protein coding 42 

sequences (CDS), the latter of which are termed alternative ORFs or “alt-ORFs”3. 43 

A rapidly increasing number of smORF-encoded proteins (SEPs, also known as 44 

micropeptides and microproteins) and alt-ORF-encoded proteins (alt-proteins)2 45 

have been shown to play important roles in vertebrate biology. For example, the 46 

human SEPs BRAWNIN and MOCCI function in oxidative phosphorylation4,5, and 47 

MP31 is a tumor suppressor that regulates lactate metabolism in glioblastoma6. 48 

Fewer alt-proteins have been well-defined, including alt-FUS, which cooperates 49 

with FUS in formation of cytotoxic aggregates7, and alt-RPL36, which regulates 50 

the PI3K-AKT-mTOR pathway8. Recently, genome-scale CRISPR screens 51 

revealed that hundreds of smORFs regulate human cell growth and survival9,10. 52 

These studies demonstrate that defining the function of bioactive SEPs and alt-53 

proteins represents a major opportunity to gain insights into biological complexity.  54 

 55 

Currently, there is proteomic and ribosome profiling evidence for tens of 56 

thousands of human smORFs and alt-ORFs3,11, but the overwhelming majority of 57 

smORFs and alt-ORFs remain uncharacterized, in part because their short 58 

lengths and, in some cases, limited conservation render homology-based 59 

annotation challenging12. Furthermore, most alt-ORFs remain unstudied because 60 
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it is challenging to separate their functions from the canonical protein CDS in 61 

which they are nested. Because strategies to identify alt-proteins that participate 62 

in biological processes are currently in the developmental stages, it remains 63 

unclear whether alt-proteins are broadly functional.  We hypothesize that alt-64 

proteins with properties (e.g., chemical reactivity, regulated expression) similar to 65 

those of canonical proteins are likely to play important cellular roles, and that 66 

chemoproteomic strategies targeted to those properties can be leveraged to 67 

identify functional alt-proteins. Providing precedent, a chemoproteomic profiling 68 

study of microproteins containing reactive cysteine residues, which is a feature of 69 

the active site of many enzymes, revealed 16 nucleophilic microproteins, though 70 

their cellular roles were not explored in that study13. In this work, we test the 71 

hypothesis that alt-proteins undergoing active or stress-induced synthesis are 72 

likely to be functional, and we develop a chemoproteomic approach to identify 73 

them.  74 

 75 

Using this method, we identify an alt-ORF that overlaps the human RBM10 CDS 76 

and encodes a repressor of ribosome large subunit (LSU) biogenesis. Ribosome 77 

biogenesis is a highly spatially and temporally regulated cellular process 78 

essential for growth and development14-17. In humans, ribosome biogenesis 79 

starts in the nucleolus with the transcription of a 47S precursor rRNA (pre-rRNA) 80 

by RNA polymerase I (RNAPI). The 47S pre-rRNA is chemically modified and 81 

complexed with ribosome assembly factors and ribosomal proteins to form the 82 

90S pre-ribosomal particle. Endonucleolytic cleavage of the 47S pre-rRNA 83 

subsequently generates the pre-40S and pre-60S particles, which undergo 84 

individual maturation and quality-control steps prior to export to the cytoplasm. 85 

Pre-60S ribosomal particles have recently been probed by cryo-electron 86 

microscopy (cryo-EM)18,19, revealing a sequential maturation process involving 87 

quality control checkpoints for 5S ribonucleoprotein particle incorporation and 88 

rotation20, active site formation, and removal of internal transcribed spacer 2 89 

(ITS2) prior to export from the nucleus to the cytoplasm. In the cytoplasm, the 90 

final steps of maturation occur to produce large 60S and small 40S subunits, 91 
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which associate to form translation-competent ribosomes. Dysregulated 92 

ribosome biogenesis has been linked to numerous human disorders, including 93 

cancer21, Alzheimer’s disease22, and congenital disorders termed 94 

ribosomopathies23,24.  95 

 96 

In this study, we developed a chemoproteomic pipeline to identify nascent alt-97 

proteins, which modifies a powerful previously reported strategy for metabolic 98 

unnatural amino acid incorporation to be amenable to microprotein enrichment 99 

and profiling, and identified 22 unannotated alt-proteins in a human cell line. We 100 

confirmed the translation of six selected alt-proteins, and functionally defined one 101 

alt-ORF nested in the human RBM10 CDS. We name the encoded alt-protein 102 

MINAS-60, or MIcroprotein that Negatively regulates ASsembly of the pre-60S 103 

ribosomal subunit. We show that MINAS-60 localizes to the nucleolus, 104 

associates with LSU assembly factors GTPBP4 and MRTO4, and co-fractionates 105 

with pre-60S complexes in nuclear extracts. Finally, we engineer MINAS-60 106 

knockdown and rescue cell lines to demonstrate that loss of MINAS-60 increases 107 

cytoplasmic 60S ribosome subunit levels, global protein synthesis, and cell 108 

proliferation. This is independent of the function of the canonical RBM10 protein, 109 

which has been previously shown to inhibit cell proliferation through its role in 110 

alternative pre-mRNA splicing25-29. These results implicate MINAS-60 as a rare 111 

negative regulator of late nuclear steps in LSU biogenesis, and demonstrate that 112 

chemoproteomic profiling can prioritize alt-ORFs for functional study. 113 

 114 

Results 115 

Chemoproteomic profiling of nascent alt-proteins 116 

Motivated by the hypothesis that alt-proteins undergoing active synthesis or 117 

stress-induced synthesis could play important cellular roles, we set out to 118 

develop a chemoproteomic approach to identify newly translated alt-proteins 119 

(Figure 1a). We leveraged bio-orthogonal non-canonical amino acid tagging 120 

(BONCAT), an in vivo labeling strategy to identify nascent proteins30. BONCAT 121 

utilizes the methionine analogue azidohomoalanine (AHA), which can be 122 
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metabolically incorporated into all newly synthesized proteins by the endogenous 123 

protein translation machinery. Previous BONCAT workflows included procedures, 124 

such as column-based biotin removal, that were likely to eliminate small proteins. 125 

We modified the protocol to capture these small proteins, including microproteins 126 

and alt-proteins. Labeled (and unlabeled) small proteins were selectively 127 

enriched from whole proteome extracts with a C8 column following a previously 128 

reported strategy31 (Figure 1b), and AHA-containing small proteins were captured 129 

with click chemistry directly on dibenzocyclooctyne (DBCO) magnetic beads. On-130 

bead digest was followed with our previously reported liquid 131 

chromatography/tandem mass spectrometry-based method for identification of 132 

unannotated microproteins and alt-proteins32. Using this strategy, we profiled 133 

translation in HEK 293T cells under basal growth conditions (DMSO treatment), 134 

oxidative stress (sodium arsenite treatment), DNA damage stress (etoposide 135 

treatment) and unfolded protein response stress (DTT treatment). In total, we 136 

identified 22 unannotated alt-proteins (Figure 1c, Supplementary Data 1), nine of 137 

which were specifically detected under stress conditions, including alt-CNPY2, 138 

which was specifically detected after etoposide treatment (Figure 1d, 139 

Supplementary Data 1).  140 

 141 

To confirm the translation and examine subcellular localization of six selected alt-142 

proteins (Supplementary Figures 1a-f, Supplementary Table 1), the cDNA 143 

sequence comprising the 5'UTR of the encoding transcript through the stop 144 

codon of the putative alt-ORF was cloned into a mammalian expression vector 145 

with a FLAG-HA epitope tag on the C-terminus of the alt-protein, followed by 146 

transfection and immunostaining. As shown in Figure 1e, over-expressed alt-147 

DRAP1 (previously validated12 and included as a positive control), alt-PRR3, alt-148 

PRH1, alt-CNPY2 and alt-CACTIN were nucleocytoplasmic. Over-expressed 149 

MINAS-60 co-localized with a nucleolar protein, fibrillarin (Figure 1f). Western 150 

blotting further confirmed the translation of the six alt-proteins (Figure 1g). 151 

MINAS-60 and alt-CNPY2 produced two immunoreactive bands, which is due to 152 

multiple in-frame start codon for MINAS-60 (vide infra), and may be caused by 153 
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multiple start sites, phosphorylation or other post-translational modification for alt-154 

CNPY2, analogous to alt-RPL368. 155 

 156 

We hypothesized that the alt-proteins detected specifically under stress 157 

conditions are induced in response to cellular stress. To determine whether the 158 

expression of alt-CNPY2 is induced by DNA damage, we treated HEK 293T 159 

over-expressing alt-CNPY2 with etoposide, followed by western blotting. As 160 

shown in Figure 1h, alt-CNPY2 is upregulated up to two fold upon etoposide 161 

treatment in both dose- and time-dependent manner. However, the mRNA level 162 

of CNPY2 did not change (Supplementary Figure 1g), indicating that upregulation 163 

of alt-CNPY2 is likely due to increased translation or decreased proteolysis, but 164 

not increased transcription. Taken together, these results suggest that our 165 

chemoproteomic pipeline is able to detect nascent or stress-induced alt-proteins. 166 

 167 

MINAS-60 is cell-cycle regulated and conserved in mouse 168 

We selected MINAS-60 from the BONCAT-detected microprotein dataset for 169 

further study because it localizes to the nucleolus, and only one nucleolar 170 

microprotein has previously been identified33; furthermore, MINAS-60 is nested 171 

within the RBM10 CDS, and therefore probing its cellular and molecular roles 172 

could shed light on the poorly characterized class of overlapping alt-proteins 173 

(Figure 2a, Supplementary Data 2). A different MINAS-60 tryptic peptide was 174 

previously detected in human colorectal cancer samples, supporting expression 175 

of MINAS-60 in human tissue, but the alt-protein was not defined or 176 

characterized in that study34. To validate expression of endogenous MINAS-60 177 

from the RBM10 genomic locus, we generated two independent Cas9-directed 178 

knock-in (KI) HEK 293T cell lines with a 3×GFP11-FLAG-HA tag appended to the 179 

3' end of MINAS-60 alt-ORF35, followed with immunostaining. As shown in Figure 180 

2b, endogenously expressed MINAS-60 co-localizes with fibrillarin, consistent 181 

with the over-expression results, suggesting MINAS-60 likely functions in the 182 

nucleolus.  183 

 184 
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The nucleolus is the site of ribosome biogenesis in eukaryotic cells. Ribosome 185 

biogenesis starts with the transcription of rDNA, which oscillates during the cell 186 

cycle, nearly ceasing during M phase, increasing during G1 phase, and 187 

maximizing during S and G2 phases in human cells36-39. If MINAS-60 regulates 188 

ribosome biogenesis, we hypothesized that the expression of nucleolar MINAS-189 

60 would be correlated with ribosome biogenesis during the cell cycle. 190 

Immunostaining of synchronized MINAS-60 KI HEK 293T cells revealed that 191 

nucleolar MINAS-60 staining intensity increased at early S phase, peaking at the 192 

2 h time point. MINAS-60 expression then decreased by late S phase, and was 193 

very low during G2/M phase. At G1 phase, the MINAS-60 staining intensity again 194 

increased (Supplementary Figure 2). These results were confirmed with western 195 

blotting (Figure 2c). MINAS-60 expression is therefore coordinated with ribosome 196 

biogenesis activity during the cell cycle.  197 

 198 

We then identified the start codon(s) that initiate MINAS-60 translation. Alt-ORFs 199 

have been reported to initiate at upstream, non-AUG start codons8,12,40 and 200 

internal, AUG start codons7,41. We tested two upstream in-frame non-AUG start 201 

codons, A383TC and A386GG (numbered relative to the first nucleotide of the 202 

cDNA), as well as seven internal AUG start codons (numbered ATG1 – ATG7) 203 

(Supplementary Figure 3a). The ~20 kDa MINAS-60 isoform likely initiates at 204 

ATG1 and the ~15 kDa MINAS-60 isoform likely initiates at ATG6 or 7, because 205 

the indicated species is abrogated only when the corresponding start codon is 206 

deleted or mutated (Supplementary Figures b-c). These results were further 207 

confirmed by over-expressing truncated MINAS-60 coding sequences starting 208 

from ATG1 or ATG6 and comparing their products’ sizes with the wild-type 209 

construct (Supplementary Figure 3d). The MINAS-60 smORF is therefore entirely 210 

contained within the RBM10 coding sequence, and the MINAS-60 ATG1 start 211 

codon is only 7 nucleotides downstream of the RBM10 start codon (Figure 2a). 212 

We therefore speculate that MINAS-60 translation may initiate within RBM10 213 

transcript variant 1 via leaky scanning, and that the additional MINAS-60 isoform 214 
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diversity observed in KI cells could be generated by alternative splicing, 215 

analogous to PTBP341. 216 

 217 

ClustalW alignment of hypothetical MINAS-60 homologs from mouse, cattle, and 218 

monkey revealed significant sequence similarity, suggesting MINAS-60 is 219 

conserved (Figure 2d). To determine whether mouse MINAS-60 is also 220 

translated, a mammalian expression vector contains the 5'UTR of mouse RBM10 221 

transcript variant 1 through the stop codon of the putative mouse MINAS-60 222 

homolog was transfected into 3T3 cells, followed by immunostaining. As shown 223 

in Figure 2e, over-expressed mouse MINAS-60 localized to the nucleolus, 224 

comparable to human MINAS-60. Taken together, these results indicate that 225 

MINAS-60 is endogenously expressed, cell-cycle regulated and conserved from 226 

humans to mouse. 227 

 228 

MINAS-60 is associated with nucleolar LSU assembly factors 229 

Because many SEPs characterized to date bind to and regulate other proteins42, 230 

we performed a co-immunoprecipitation (co-IP) with the nuclear lysates from 231 

MINAS-60-FLAG KI cells, and HEK 293T cells as a control. Two major bands 232 

were specifically present in the KI co-IP after SDS-PAGE that, upon analysis via 233 

label-free quantitative proteomics43, yielded 17 proteins enriched >30-fold over 234 

control. GO analysis of these 17 hits shows that the top 2 enriched biological 235 

processes are ribosome biogenesis and ribosomal large subunit (LSU) 236 

biogenesis (Supplementary Figures 4a-c, and Supplementary Data 3). To obtain 237 

a more comprehensive picture of MINAS-60-associated proteins, we performed 238 

co-IPs and analyzed the entire molecular weight range with quantitative 239 

proteomics; while abundant ribosomal proteins limited depth of detection of other 240 

proteins, we observed enrichment of four LSU assembly factors: GTPBP4, 241 

MRTO4, BRIX1 and NOP2 (Figure 3a and Supplementary Data 4). Co-IP 242 

followed by western blotting confirmed the association of these four factors with 243 

MINAS-60 (Figure 3b). The association of MINAS-60 with GTPBP4 and MRTO4 244 

did not depend on RNA, because these associations largely survived RNaseA 245 
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treatment. In contrast, co-purification of MINAS-60 with BRIX1 and NOP2 was 246 

severely diminished after treatment with RNaseA, suggesting that their 247 

association with MINAS-60 was likely indirect and RNA-dependent (Figure 3b). 248 

We therefore hypothesized that MINAS-60 associates with nucleolar, late pre-249 

60S particles containing GTPBP4 and MRTO4 to regulate ribosome 250 

biogenesis18,44. 251 

 252 

To determine whether MINAS-60 associates with high molecular weight pre-60S 253 

particles containing GTPBP4 and MRTO4, we performed sucrose gradient 254 

fractionation of nuclear extracts of HEK 293T cells stably expressing epitope-255 

tagged MINAS-60, followed by western blotting analysis. As shown in Figure 3c, 256 

a subpopulation of over-expressed MINAS-60 co-sedimented with ribosome 257 

assembly factors in high-molecular weight fractions coincident with pre-ribosomal 258 

particles. Combined with our co-IP and immunofluorescence data, these results 259 

are consistent with a role for MINAS-60 in pre-ribosomal particles. 260 

 261 

MINAS-60 inhibits protein synthesis and cell proliferation 262 

We hypothesized that MINAS-60 could regulate ribosome biogenesis via its 263 

association with GTPBP4 and MRTO4. Ribosome biogenesis is required for 264 

protein synthesis, which promotes cell growth and proliferation. As a result, 265 

ribosome biogenesis is commonly upregulated in cancer cells21,45. We reasoned 266 

that, if MINAS-60 regulates ribosome biogenesis, its absence should result in 267 

changes to protein synthesis and cell proliferation. In order to test this 268 

hypothesis, we required a system to query the function of MINAS-60 independent 269 

of RBM10, despite their co-encoding on the same transcript. To this end, we 270 

knocked down (KD) RBM10 in HEK 293T cells with two different shRNAs, which 271 

silence the entire mRNA and, therefore, both proteins (RBM10 and MINAS-60). 272 

To deconvolute phenotypic effects specific to MINAS-60 in the KD, as well as to 273 

exclude off-target effects of shRNA, we generated rescue cell lines stably 274 

expressing MINAS-60 (Rescue_MINAS-60) or RBM10 (Rescue_RBM10) on the 275 

KD background. qRT-PCR and western blotting analysis revealed that RBM10 276 
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mRNA is efficiently silenced by both shRNAs, and the KD cells successfully re-277 

express MINAS-60 or RBM10 after rescue (Supplementary Figure 5). Noting that 278 

the RBM10 rescue construct could be subject to leaky translation to produce both 279 

RBM10 and MINAS-60, we also rescued the KD with an RBM10 construct 280 

bearing an A398TG to TAA mutation that eliminates the first MINAS-60 start 281 

codon while preserving RBM10 translation (Supplementary Figure 5). 282 

 283 

To test the effect of MINAS-60 expression on cellular protein synthesis, we 284 

labeled nascent peptides in the control, RBM10 KD, Rescue_MINAS-60, 285 

Rescue_RBM10 and Rescue_RBM10(A398TG-TAA) cell lines with puromycin 286 

followed by anti-puromycin western blotting46. As shown in Figure 3d and 287 

Supplementary Figure 6a, depletion of the entire RBM10 mRNA led to a 288 

significant increase in global protein synthesis, and this increase was rescued by 289 

reintroduction of MINAS-60. Partial rescue by RBM10 reintroduction was also 290 

observed, but was not present in the RBM10(A398TG-TAA) rescue cells. Similar 291 

results were observed for a second shRNA targeting RBM10 (Supplementary 292 

Figures 6b-c). Taken together, these results indicate that MINAS-60 plays an 293 

unusual role in ribosome biogenesis to downregulate global protein synthesis. At 294 

the same time, RBM10 is unlikely to play a role in this process. We speculate 295 

that the partial rescue observed with RBM10 could have been due to leaky 296 

expression of MINAS-60 from the internal alt-ORF in the RBM10 construct.  297 

 298 

Because protein synthesis, cell growth and proliferation are linked16,21, we asked 299 

whether MINAS-60 regulates cell proliferation. As shown in Figure 3e, RBM10 300 

depletion led to a significant increase in cell proliferation, consistent with a 301 

published report using HeLa cells29. Remarkably, this increase was rescued by 302 

reintroduction of MINAS-60 alone, and partially rescued by RBM10 303 

reintroduction. Similar results were observed for a second shRNA targeting 304 

RBM10 (Supplementary Figure 6d). These results are consistent with a model in 305 

which MINAS-60 inhibits ribosome biogenesis, subsequently downregulating 306 

cellular protein synthesis and cell proliferation.  307 
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 308 

MINAS-60 inhibits the export of pre-60S ribosome subunits 309 

Eukaryotic ribosome biogenesis can be divided into sequential processes47: pre-310 

rRNA transcription; chemical modification and processing of the pre-rRNA, both 311 

of which occur in the nucleolus; folding, assembly and maturation of the pre-312 

ribosomal subunits in the nucleolus and nucleus; and export and final maturation 313 

of ribosome subunits in the cytoplasm. Because MINAS-60 co-purified with 314 

proteins involved in various steps of LSU biogenesis, we wished to determine the 315 

step in this process that it regulates. 316 

 317 

To determine whether MINAS-60 controls pre-rRNA transcription, we performed 318 

qRT-PCR targeting the primary pre-rRNA (47S/45S/30S) using previously 319 

published primers46 in lysates from control, RBM10 KD, Rescue_MINAS-60 and 320 

Rescue_RBM10 cell lines. No significant differences in primary pre-rRNA were 321 

observed, suggesting that MINAS-60 does not regulate pre-rRNA transcription 322 

(Supplementary Figures 7a-b). To determine whether MINAS-60 regulates the 323 

processing of LSU pre-rRNA, we performed northern blotting analysis with the 324 

control, RBM10 KD, Rescue_MINAS-60 and Rescue_RBM10 cell lines using a 325 

probe complementary to ITS2, which detects all LSU pre-rRNA processing 326 

products, including 41S, 32S and 12S pre-rRNAs46. As shown in Supplementary 327 

Figure 7c, no significant differences were observed between these cell lines, 328 

suggesting that MINAS-60 does not regulate the processing of LSU pre-rRNA. 329 

 330 

We therefore examined the role of MINAS-60 in LSU assembly and export. To 331 

determine whether MINAS-60 regulates nucleocytoplasmic export of the pre-60S 332 

ribosomal subunit, we quantified the ratio of nuclear vs. cytoplasmic RPL29-333 

GFP48 stably expressed in the control, RBM10 KD, Rescue_MINAS-60 and 334 

Rescue_RBM10 cell lines. As shown in Figure 4a and Supplementary Figure 8a, 335 

depletion of RBM10 decreased the ratio of nuclear to cytoplasmic RPL29-GFP, 336 

which can be rescued by reintroduction of MINAS-60, and partially rescued by 337 

RBM10 reintroduction, likely due to leaky MINAS-60 translation. Similar results 338 
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were observed for a second shRNA targeting RBM10 (Figure 4a, right, and 339 

Supplementary Figures 8b-c). These observations are consistent with the 340 

inhibition of cytoplasmic export of pre-60S subunits by MINAS-60. As a control, 341 

to determine whether MINAS-60 regulates nucleocytoplasmic export of the pre-342 

40S ribosomal subunit, we quantified the ratio of nuclear vs. cytoplasmic RPS2-343 

GFP48 stably expressed in the control, RBM10 KD, Rescue_MINAS-60 and 344 

Rescue_RBM10 cell lines. As shown in Supplementary Figure 9, no significant 345 

changes were observed between these cell lines, suggesting MINAS-60 does not 346 

regulate the assembly or export of 40S ribosomal subunits.  347 

 348 

The observation of upregulated pre-60S export in the absence of MINAS-60 349 

predicted that the same conditions should lead to an increase in mature 350 

cytoplasmic 60S ribosomal subunits. To test this, we performed cytoplasmic 351 

polysome profiling. As shown in Figures 4b-c, knockdown of RBM10 increased 352 

the ratio of cytoplasmic 60S/40S ribosome subunits, and this increase can be 353 

rescued by reintroduction of MINAS-60, and partially rescued by RBM10. Similar 354 

results were observed for a second shRNA targeting RBM10 (Figure 4c, right 355 

and Supplementary Figure 10). Taken together, these results suggest that 356 

MINAS-60 specifically decreases mature large ribosomal subunits by negatively 357 

regulating the assembly or export of pre-60S particles. 358 

 359 

MINAS-60 inhibits the late-stage assembly of pre-60S  360 

Lastly, we speculated that MINAS-60 functions as a checkpoint inhibitor in pre-361 

60S assembly prior to export from the nucleus, which would suggest that the 362 

protein composition of LSU precursors should change in cells lacking MINAS-60. 363 

MRTO4 and BRIX1 are LSU biogenesis factors present in multiple intermediate-364 

to-late, or early-to-intermediate, pre-60S particles, respectively, and we 365 

examined their interactomes as a readout of changes in pre-60S protein 366 

composition in the presence or absence of MINAS-60 (Figure 5a)18. We stably 367 

expressed MRTO4-FLAG or BRIX1-FLAG, in control or RBM10 KD HEK 293T 368 

cells to enable affinity purification of pre-ribosomal particles, followed by 369 
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quantitative proteomics and western blotting. We detected statistically significant 370 

increases in several late LSU assembly factors co-purified with MRTO4 in 371 

RBM10 KD cells (Figure 5b, Supplementary Data 5). These increases were 372 

further confirmed by western blotting (Figure 5c). Similar results were observed 373 

for BRIX1 co-IP, though fold changes were smaller (Figures 5d-f, Supplementary 374 

Data 6). These results suggest that remodeling of pre-60S particles toward more 375 

mature stages occurs in the absence of MINAS-60, consistent with MINAS-60 376 

acting as an inhibitor for LSU assembly and export. 377 

 378 

Discussion 379 

In this work, we developed a bio-orthogonal strategy for the direct detection of 380 

unannotated nascent or stress-induced alt-proteins. BONCAT has been 381 

powerfully applied in prior studies to examine nascent protein synthesis, 382 

particularly in neurons30, but standard BONCAT workflows, like many proteomics 383 

protocols, include column or gel resolution steps that de-enrich small proteins 384 

and peptides, and are therefore refractory to detection of microproteins and alt-385 

proteins. For the first time in this work, we followed azidohomoalanine labeling 386 

with small protein enrichment using a previously reported C8 column strategy31, 387 

coupled with direct on-bead capture to eliminate the need for column-based 388 

removal of excess biotin probe molecules, which also remove small proteins. 389 

Interfacing this BONCAT-based chemoproteomic pipeline with our platform 390 

technology for unannotated microprotein and alt-protein detection, we identified 391 

22 alt-proteins undergoing active synthesis in HEK 293T cells. For six selected 392 

alt-proteins, we verified their translation, one of which, alt-CNPY2, is likely post-393 

transcriptionally upregulated by DNA damage stress. We furthermore propose 394 

that BONCAT-mediated detection of MINAS-60 reflects the subpopulation of cells 395 

that actively synthesize this protein during S phase of the cell cycle, consistent 396 

with its coordinated synthesis with the ribosome biogenesis machinery. Taken 397 

together, these results show that our method is able to detect unannotated alt-398 

proteins expressed during the cell cycle and cellular stress, and that these 399 

proteins may play important roles in the cell. In the future, an important next step 400 
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will be to characterize the biological role of alt-CNPY2, and to expand this 401 

strategy to additional cellular stress conditions.  402 

 403 

We then conducted a focused functional study of nucleolar MINAS-60, loss of 404 

which promotes the late-stage assembly of pre-60S and the export of pre-60S 405 

particles into cytoplasm, leading to increases in cytoplasmic 60S ribosomal 406 

subunits, global protein synthesis, and cell proliferation (Figure 6). The MINAS-407 

60 alt-protein is therefore a repressor of LSU biogenesis. In contrast to smORF-408 

encoded proteins, few alt-ORFs nested within canonical protein CDS have been 409 

defined in molecular detail. This work, combined with previous literature7,49, 410 

expands the recent finding that a single human transcript can encode 411 

overlapping, sequence-independent, yet functionally related proteins. 412 

Importantly, the RBM10 gene plays important roles in human physiology and 413 

disease. RBM10 (RNA Binding Motif 10) is an RNA binding protein that regulates 414 

alternative pre-mRNA splicing29,50. Null mutations in the RBM10 gene are found 415 

in patients with TARP syndrome51, an X-linked inherited pathology associated 416 

with malformation of multiple organs and significant early-life mortality. The 417 

RBM10 gene was also found to be among the most frequently mutated genes in 418 

lung adenocarcinoma samples, and RBM10 inhibits cancer cell proliferation52. 419 

The finding that RBM10 dually encodes MINAS-60, which also downregulates 420 

cell proliferation via repression of ribosome biogenesis, opens the question of 421 

whether this alt-protein contributes to RBM10 mutation associated disease 422 

phenotypes, analogous to alt-FUS, which forms pathogenic cytoplasmic 423 

aggregates similar to those caused by the co-encoded FUS protein3.  424 

 425 

Several studies have suggested that as many as 50% of multicistronic human 426 

genes encode proteins that directly interact to form complexes9,53. In contrast, the 427 

alt-protein alt-RPL36 can regulate the same pathway (translation) as the 428 

canonical protein co-encoded with it (RPL36), without directly interacting with 429 

each other8. In this work, we show that MINAS-60 and RBM10 exhibit 430 

comparable antiproliferative cellular effects but act via independent pathways: 431 
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ribosome biogenesis vs. alternative pre-mRNA splicing, respectively. While it 432 

remains possible that RBM10 regulates splicing of some nucleolar proteins, 433 

RBM10 reintroduction did not rescue the protein translation defect observed in 434 

cells lacking RBM10 expression in this study. Based on these results we 435 

conclude that RBM10 does not significantly contribute to ribosome biogenesis. 436 

We therefore speculate that selective pressure for co-encoding multiple 437 

functional proteins in multicistronic human genes may act at the level of cellular 438 

fitness, and direct interaction between alt-proteins and canonical proteins is only 439 

one mechanism among many by which the fitness effects of co-encoded proteins 440 

may be optimized. Another possible mechanism is that, since alt-ORFs may 441 

represent protogenes54, de novo acquisition of a novel alt-ORF within a protein 442 

coding gene might lead to positive selection if both the alt-ORF and canonical 443 

protein coding sequence increase cellular fitness under the same conditions, 444 

without necessarily acting on the same pathway or process. This broadens the 445 

current models of multicistronic human gene function9. 446 

 447 

To our knowledge, MINAS-60 is only the second human microprotein or alt-448 

protein validated to localize to the nucleolus to date, and the first reported to 449 

regulate ribosome biogenesis. A previous study identified nucleolar microprotein 450 

C11orf98, which interacts with nucleolar proteins NPM1 and NCL, but no role for 451 

this factor in ribosome biogenesis has been investigated33. In this work, we 452 

reported MINAS-60 as the first protein that specifically inhibits LSU biogenesis, 453 

and we suspect that it functions as a mammal-specific checkpoint to ensure 454 

correct pre-60S assembly prior to nuclear export. Supporting the hypothesis that 455 

MINAS-60 has arisen in higher eukaryotes, the RBM10 gene is not conserved in 456 

yeast, though we cannot yet rigorously conclude that a functional homolog of 457 

MINAS-60 is absent in lower eukaryotes. Direct experimental evidence will be 458 

required to test the hypothesis that MINAS-60 could represent a control point for 459 

ribosome biogenesis that is unique to mammalian cells.  460 

 461 
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Interestingly, another mammal-specific, putative LSU biogenesis inhibitor has 462 

recently been identified. A structural study revealed that an unidentified protein 463 

(protein X) is positioned to block the incorporation of nuclear export factor NMD3 464 

into the late pre-60S particle, hypothetically suppressing pre-60S export into the 465 

cytoplasm44. Protein X binds in the immature peptidyl transfer center and directly 466 

contacts GTPBP4 as well as helix 89 of the rRNA. Importantly, protein X was 467 

specifically observed in cryo-electron microscopy structures of human pre-60S 468 

particles and has not been detected in structures of yeast LSU precursors44. 469 

Based on the observations that 1) both MINAS-60 and protein X likely function as 470 

repressors of LSU biogenesis at the late assembly and export stage; and 2) both 471 

MINAS-60 and protein X associate with GTPBP4, we speculate that MINAS-60 472 

functions by a similar mechanism to protein X. It is possible that protein X and 473 

MINAS-60 are the same protein, and that protein X could not be identified due to 474 

its absence from the UniProt database; however, efforts to model MINAS-60 475 

sequences into the reported structures remain inconclusive to date. It is therefore 476 

also possible that multiple previously unknown mammalian proteins regulate LSU 477 

biogenesis, suggesting that regulation of ribosome biogenesis may be more 478 

complex in human cells than in yeast. 479 

 480 

Why, then, might MINAS-60 have arisen in mammalian cells? In order to achieve 481 

a balance between cellular growth requirements and energy-intensive ribosome 482 

production15, and to ensure that improperly assembled ribosome subunits do not 483 

lead to mistranslation23, ribosome biogenesis needs to be precisely monitored in 484 

cells. For example, the Rio1-Nob1-Pno1 network establishes a checkpoint to 485 

safeguard against the release of immature 40S subunits into translating 486 

ribosomes55. However, while hundreds of proteins required for ribosome 487 

biogenesis in human cells have now been identified56, few repressors of 488 

ribosome biogenesis have been reported, and the ones that have been identified 489 

predominately act on pre-ribosomal RNA transcription57-59. LSU biogenesis 490 

involves multiple composition and conformational changes during generation of 491 

the peptidyl transferase center (PTC). Our data lead us to speculate that MINAS-492 
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60 and/or Protein X may act as checkpoints for this process to safeguard cellular 493 

energy expenditure and/or faithful PTC formation. This hypothesis could be 494 

tested by examining the effects of MINAS-60 on cellular fitness under nutrient 495 

stress, as well as on the fidelity and accuracy of global protein translation. 496 

 497 

In conclusion, this study, combined with previous literature13, demonstrates the 498 

power of chemoproteomics to reveal alt-proteins that are regulated and/or 499 

functional in important cellular processes including DNA damage and ribosome 500 

biogenesis, and reveals an entirely new regulatory node of the ribosome 501 

biogenesis pathway, meriting further development of chemical tools to enrich and 502 

identify functional alt-proteins. 503 

 504 

 505 

  506 
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 507 

Figure 1. BONCAT-based chemoproteomic identification of newly 508 

synthesized alt-proteins. a Schematic workflow for BONCAT-based 509 

chemoproteomic analysis of nascent alt-proteins. b Size distribution of canonical, 510 

annotated proteins detected using C8 column-based selection (black) and our 511 

previously reported60 gel-based selection (gray). c Distribution of locations of 512 

identified alt-proteins relative to the annotated coding sequence (CDS). d Venn 513 

diagram of alt-proteins identified under control or stress conditions. e, f Top: a 514 

schematic representation of human DRAP1 transcript, PRR3 transcript variant 2, 515 

PRH1 transcript variant 1, CNPY2 transcript variant 1, CACTIN transcript variant 516 

1, or RBM10 transcript variant 1 (c); light gray arrow, 5' and 3' untranslated 517 
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regions (UTR); red, alternative open reading frame (alt-ORF) coding sequence; 518 

black, annotated coding sequence. Middle: a schematic representation of the 519 

expression constructs containing the complete 5'UTR and the alt-ORF of the 520 

transcript indicated above, with a dual FLAG and HA tag appended to the C-521 

terminus of the alt-protein. Bottom: HEK 293T cells transfected with the 522 

expression construct indicated (middle) were immunostained with anti-HA (red), 523 

DAPI (cyan), and anti-fibrillarin (green, c). Scale bar, 10 µm. Data are 524 

representative of three biological replicates. g HEK 293T cells transfected with 525 

the expression construct (middle) were immunoblotted (IB) with antibodies 526 

indicated to the right, with untransfected (no transfection) HEK 293T cells as a 527 

control. Data are representative of three biological replicates. h HEK 293T cells 528 

transfected with the alt-CNPY2 expression construct were treated with increasing 529 

amounts of etoposide or vehicle for 2 h (left), or with 60 µM etoposide for 530 

different times or vehicle (right), followed by western blotting with antibodies 531 

indicated to the right. Quantitative analysis (N = 3) of the western blot signal of 532 

alt-CNPY2-FLAG-HA are indicated at the bottom.  533 

  534 
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 535 

Figure 2. MINAS-60 is endogenously expressed, cell-cycle regulated and 536 

conserved in mouse. a Shown is the cDNA sequence of human RBM10 537 

transcript variant 1 with the protein sequences of MINAS-60 and RBM10 538 

indicated below. The start codons of RBM10 (391) and MINAS-60 (398) are 539 

numbered above the cDNA sequence. Highlighted in red is the tryptic peptide of 540 

MINAS-60 detected by LC-MS/MS in this study. b Immunostaining of two 541 

MINAS-60 knock-in (KI) HEK 293T cell lines with anti-HA (red), anti-fibrillarin 542 

(green), and DAPI (cyan). Scale bar, 10 µm. Data are representative of three 543 

biological replicates. c Western blotting analysis of synchronized MINAS-60 KI 544 

cells released from the G1/S boundary at the indicated time points with 545 

antibodies indicated on the right. Data are representative of three biological 546 

replicates. d RBM10 mRNAs from Mus musculus (NM_145627.3), Bos taurus 547 

(NM_001206693.1), and Macaca mulatta (XM_015127275.2) were obtained from 548 

NCBI nucleotide database, then translated in the +1, +2 and +3 frames using the 549 
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Expasy translate tool. Cognate start codons in-frame with sequences 550 

homologous to human MINAS-60 were identified in the 5'UTR of each transcript 551 

in order to predict the full-length sequence of hypothetical MINAS-60 homologs. 552 

Shown is the ClustalW2 alignment of predicted MINAS-60 protein sequences. e 553 

3T3 cells transfected with the mouse MINAS-60 (mMINAS-60) expression 554 

construct were immunostained with anti-HA (red), anti-fibrillarin (green), and 555 

DAPI (cyan). Scale bar, 10 µm. Data are representative of three biological 556 

replicates.  557 

  558 
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 559 

Figure 3. MINAS-60 associates with nucleolar LSU assembly factors, 560 

downregulates global protein synthesis and cell proliferation. a Volcano plot 561 

of quantitative proteomics (N = 3) of anti-FLAG pulldown from MINAS-60 KI (KI) 562 

or control (Ctrl) HEK 293T nuclear lysates. Ribosomal proteins are indicated in 563 

blue. Enriched LSU assembly factors are indicated in red and gene names are 564 

labeled. For complete quantitative proteomics results, see Supplementary Data 565 

4. b HEK 293T cells were transfected with MINAS-60-FLAG-HA (MINAS-60-FH, 566 
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lanes 2 and 3) or vehicle (lane 1), and immunoprecipitation (FLAG-IP) was 567 

performed in absence (lanes 1 and 2) or presence (lane 3) of RNaseA, followed 568 

with immunoblotting (IB) with antibodies indicated on the right. Cell lysates (4%) 569 

before IP (input, lanes 4-6) were used as loading controls. c Top: Sucrose-570 

gradient sedimentation analysis of nuclear lysates containing ribosome precursor 571 

complexes (pre-40S, pre-60S and 90S pre-ribosome) from HEK 293T cells stably 572 

expressing MINAS-60-FLAG-HA. Bottom: Western blot analysis of fractions 573 

numbered at the top with antibodies indicated on the right. d ImageJ was used to 574 

quantify the relative puromycin incorporation for cells indicated at the bottom 575 

relative to sh-Ctrl from three biological replicates. Data represent mean values ± 576 

s.e.m., and significance was evaluated with two-tailed t-test. e Growth curve of 577 

control (sh-Ctrl), RBM10 knockdown (sh-RBM10-1), rescue with MINAS-60 578 

(Rescue_MINAS-60) and rescue with RBM10 (Rescue_RBM10) HEK 293T cells 579 

at the indicated number of days (N = 3). Data represent mean values ± s.e.m., 580 

and significance was evaluated with two-tailed t-test and shown below.  581 

  582 
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 583 

Figure 4. MINAS-60 inhibits LSU export. a Quantitation of the ratio of RPL29-584 

GFP intensity in the nucleus vs. cytoplasm in control (sh-Ctrl), RBM10 585 

knockdown with one of the two shRNAs (sh-RBM10-1 (left), sh-RBM10-2 (right)), 586 

rescue with MINAS-60 (Rescue_MINAS-60), or rescue with RBM10 587 

(Rescue_RBM10) HEK 293T cells stably expressing RPL29-GFP. At least 13 588 

fields of view were analyzed, totaling > 350 cells for each measurement. Data 589 

represent mean values ± s.e.m., and significance was evaluated with two-tailed t-590 

test. b Sucrose-gradient sedimentation analysis of ribosomal fractions (40S, 60S, 591 

80S and polysomes) of cytoplasmic lysates from control (sh-Ctrl), RBM10 592 

knockdown (sh-RBM10-1), rescue with MINAS-60 (Rescue_MINAS-60) or 593 

rescue with RBM10 (Rescue_RBM10) HEK 293T cells. Data are representative 594 

of three biological replicates. c Quantitation of the ratio of cytoplasmic 60S to 595 

40S subunits in the cell lines indicated below after sucrose gradient fractionation. 596 

The area under each peak was measured using ImageJ following a previously 597 

published method61. Data represent mean values ± s.e.m., and significance was 598 

evaluated with two-tailed t-test. 599 
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 600 

Figure 5. RBM10 silencing promotes pre-60S assembly. a, d Schematic 601 

representation of pre-60S assembly factors associated with different states 602 

based on a pre-60S structure report18. The bait protein MRTO4 (a) and BRIX1 603 

(d) is indicated in blue. b, e Volcano plot of quantitative proteomics (N = 4 (b), N 604 

= 5 (e)) of MRTO4-FLAG (b) or BRIX1-FLAG (e) pulldown from HEK 293T cells 605 
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stably expressing the bait protein and control shRNA (Ctrl), or the bait protein 606 

and RBM10 shRNA (KD), to quantify relative changes in the bait protein co-IP of 607 

LSU assembly factors in RBM10 KD over control HEK 293T cells. Increased 608 

assembly factors are indicated in red and gene names are labeled. For complete 609 

quantitative proteomics results, see Supplementary Datas 5 and 6. c, f MRTO4 610 

FLAG-IP (c) or BRIX1-FLAG-IP (f) and western blotting with antibodies indicated 611 

on the right using the two cell lines described above. Cell lysates (4%) before IP 612 

(input) were used as the loading control. Data are representative of three 613 

biological replicates. 614 

  615 
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 616 

Figure 6. Model of MINAS-60 regulatory pathway. MINAS-60 localizes to the 617 

nucleolus, where it associates with multiple pre-60S assembly factors, including 618 

GTPBP4 and MRTO4, to inhibit the late-stage pre-60S assembly and the export 619 

of pre-60S into cytoplasm, consequently downregulating global protein synthesis 620 

and cell proliferation.   621 

  622 
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Online methods 623 

Data analysis. Two-tailed t-test were performed using Microsoft Excel or 624 

GraphPad Prism, and F-tests were performed to evaluate equal variance 625 

between samples. 626 

Antibodies. Primary antibodies for western blotting include the following: anti-627 

FLAG (Sigma, F3165 or Cell Signaling, 14793); anti-HA (Invitrogen, 71-5500); 628 

anti-β-actin (Invitrogen, BA3R); anti-GTPBP4 (Abclonal, A4565); anti-MRTO4 629 

(ThermoFisher, 20194-1-AP); anti-NSA2 (Abclonal, A14475); anti-NOP2 (Cell 630 

Signaling, 25017); anti-BRIX1 (Abclonal, A14481); anti-RPF2 (Abclonal, 631 

A17224); anti-GNL2 (Abclonal, A13191); anti-RPL11 (Cell Signaling, 18163); 632 

anti-RPL36 (Bethyl Laboratories, A305065A-M); anti-RPS2 (Invitrogen, PA5-633 

30160); anti-RBM10 (Abcam, ab72423); anti-puromycin (Kerafast, EQ0001); anti-634 

GFP (Abcam, ab183734); anti-cyclin B1 (Cell Signaling, 4138). 635 

Immunoprecipitation was performed with anti-FLAG M2 affinity gel (Sigma, 636 

A2220). Secondary antibodies for western blotting are goat anti-rabbit IgG 637 

horseradish peroxidase conjugate (Rockland, 611-1302) and goat anti-mouse 638 

IgG horseradish peroxidase conjugate (Rockland, 610-1319-0500). Primary 639 

antibodies for immunostaining are rabbit anti-HA (Invitrogen, 71-5500) and 640 

mouse anti-Fibrillarin (abcam, ab4566). Secondary antibodies for 641 

immunostaining are goat anti-rabbit IgG Alexa fluor 568 (Invitrogen, A11011) and 642 

goat anti-mouse IgG Alexa fluor 647 (Invitrogen, A21235). 643 

 644 

Cloning and genetic constructs. A DNA sequence comprising the full 5'UTR of 645 

human DRAP1 transcript, PRR3 transcript variant 2, PRH1 transcript variant 1, 646 

CNPY2 transcript variant 1, CACTIN transcript variant 1, or RBM10 transcript 647 

variant 1 through the stop codon of the relative alt-protein was amplified by PCR 648 

with a dual FLAG and HA epitope tag appended to the 3' end of the alt-protein 649 

coding sequence from an in-house library of reverse-transcribed HEK 293T 650 

cDNAs, then subcloned into pcDNA3. Deletion or mutation constructs of MINAS-651 

60 bearing a dual FLAG and HA tag were generated by ligating PCR products 652 
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into BamHI and EcoRI cloning sites in the pcDNA3 vector. For generation of HEK 653 

293T cells stably expressing MINAS-60, a dual FLAG and HA tag were 654 

appended to the 3' end of MINAS-60 by PCR, and the dually tagged coding 655 

sequence was then cloned into pLJM1. The cDNA clone expressing RPS2 was 656 

purchased from Addgene (a gift from Thomas Tuschl), and the coding sequences 657 

of MRTO4, BRIX1 and RPL29 were amplified by PCR from an in-house HEK 658 

293T cDNA library, then subcloned into pJLM1 for producing lentivirus. RNAi 659 

constructs were made by synthesizing oligonucleotides encoding a 21 bp short 660 

hairpin RNA that targets RBM10 (shRNA1, CTTCGCCTTCGTCGAGTTTAG; 661 

shRNA2, TCCAACGTGCGCGTCATAAAG), then subcloned into pLKO.1. The 662 

empty pLKO.1 vector control was purchased from Sigma (SHC001). qPCR 663 

primer sequences are provided in Supplementary Table 2. 664 

 665 

Cell culture, lentivirus production and stable cell line generation. HEK 293T 666 

cells were purchased from ATCC and early-passage stocks were established in 667 

order to ensure cell line identity. Cells were maintained up to only 10 passages. 668 

HEK 293T cells were cultured as previously described8. To produce lentivirus 669 

and generate stable cell lines, HEK 293T cells were co-transfected using 670 

polyethyleneimine (Polysciences, 23966) with expression construct in pLJM1, 671 

along with pMD2.G and psPAX2, and growth media were replaced after 7-8 h. 48 672 

h post-transfection, media containing viruses was harvested, filtered through a 673 

0.45-μm filter, and infection was performed by mixing with two volumes of fresh 674 

media containing suspended HEK 293T cells. 24 h post-infection, the growth 675 

media was replaced. 48 h post-infection, stably expressing cells were selected 676 

with 4 µg/mL puromycin for 2 days. Early stocks of stable cell lines were 677 

established after selection. Stable cell lines were released from puromycin for 2 678 

days prior to use in experiments. 679 

 680 

Immunostaining and live-cell imaging. HEK 293T cells were plated on glass 681 

coverslips and transfected the next day. Forty-eight hours later, the cells were 682 

fixed in 10% formalin for 15 min at room temperature (RT), permeabilized with 683 

https://www.addgene.org/browse/pi/536/
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PBS containing 0.2% (v/v) TritonX-100, then incubated with primary antibodies 684 

for 18 h at 4℃. After washing with PBS, the cells were incubated with secondary 685 

antibodies and DAPI for 1 h at RT, washed with PBS and mounted with Mowiol 686 

(Sigma, 81381) before viewing. 687 

 688 

HEK 293T cells stably expressing RPL29-GFP or RPS2-GFP were grown to 70% 689 

confluency on coverslips in 12-well plates. Coverslips were inverted and imaged 690 

in pre-warmed DMEM with 10% FBS, 1% penicillin-streptomycin in MatTek 691 

imaging dishes. Confocal imaging was performed on a Leica SP8 LS confocal 692 

microscope with 63× oil immersion objective with atmosphere-controlled stage at 693 

37℃. Nuclear/cytoplasmic ratios of RPL29 and RPS2 were measured using the 694 

ImageJ Intensity Ratio Nuclei Cytoplasm Tool (RRID:SCR_018573; 695 

https://github.com/MontpellierRessourcesImagerie/imagej_macros_and_scripts/w696 

iki/Intensity-Ratio-Nuclei-Cytoplasm-Tool). 697 

 698 

Immunoprecipitation and proteomics. Control HEK 293T cells or MINAS-60 KI 699 

cells were grown to 80-90% confluency in 15 cm dishes. Cells were harvested 700 

and suspended in 1 mL nuclear isolation buffer (10 mM HEPES-KOH pH 7.4, 701 

100 mM KCl, 5 mM MgCl2 with 0.5% NP40 and Roche Complete protease 702 

inhibitor cocktail tablets (Roche, 11873580001)), and incubated on ice for 10 min, 703 

followed by centrifugation at 3,000 g, 4℃, 3 min. The nuclear pellets were 704 

suspended in 1 mL lysis buffer (Tris-buffered saline (TBS) with 1% Triton X-100 705 

and Roche Complete protease inhibitor cocktail tablets), followed with sonication 706 

and immunoprecipitation as previously described8. After the final wash, elution 707 

was in 40 µL of 3× FLAG peptide (Sigma, F4799), at a final concentration of 100 708 

µg/mL in lysis buffer at 4℃ for 1 h. The eluted proteins were subjected to SDS-709 

PAGE separation prior to LC-MS/MS analysis. 710 

 711 

Gel slices, containing either resolved protein bands or entire lanes, were 712 

digested with trypsin at 37℃ for 14-16 h. The resulting peptide mixtures were 713 

extracted from the gel, dried, subjected to ethyl acetate extraction to remove 714 
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residual detergent, de-salted with peptide cleanup C18 spin column (Agilent 715 

Technologies, 5188-2750), then re-suspended in 35 µL 0.1% formic acid (FA), 716 

followed by centrifugation at 21,130 g, 4℃, 30 min. A 5 μL aliquot of each 717 

sample was injected onto a pre-packed column attached to a nanoAcquity UPLC 718 

(Waters) in-line with a Thermo Scientific™ Q Exactive™ Plus Hybrid 719 

QuadrupoleOrbitrap™ mass spectrometer  (Thermo Scientific) and a 130-min 720 

gradient was used to further separate the peptide mixtures as follows (solvent A: 721 

0.1% FA; solvent B: acetonitrile (ACN) with 0.1% FA): Isocratic flow was 722 

maintained at 0.1 μL/min at 1% B for 40 min, followed by linear gradients from 723 

1% B to 6% B over 2 min, 6% B to 24% B over 48 min, 24% B to 48% B over 5 724 

min, 48% B to 80% B over 5 min. Isocratic flow at 80% B was maintained for 5 725 

min, followed by a gradient from 80% B to 1% B over 5 min, and isocratic flow at 726 

1% B was maintained for 10 min. The full MS was collected over the mass range 727 

of 300-1,700 m/z with a resolution of 70,000 and the automatic gain control 728 

(AGC) target was set as 3 x 106. MS/MS data was collected using a top 10 high-729 

collisional energy dissociation method in data-dependent mode with a normalized 730 

collision energy of 27.0 eV and a 1.6 m/z isolation window. MS/MS resolution 731 

was 17,500 and dynamic exclusion was 90 seconds. 732 

 733 

For identification of alt- and microproteins, ProteoWizard MS Convert was used 734 

for peak picking and files were analyzed using Mascot. Oxidation of methionine 735 

and N-terminal acetylation were set as variable modifications, and a previously 736 

reported12 three-frame translation of assembled transcripts from HEK 293T 737 

mRNA-seq was used as the database. For co-IP proteomics searches and 738 

quantitative analysis, files were analyzed using MaxQuant, oxidation of 739 

methionine and N-terminal acetylation were set as variable modifications, and 740 

human UniProt plus MINAS-60 was used as the database for searching. For all 741 

analysis, a mass deviation of 20 p.p.m. was set for MS1 peaks, and 0.6 Da was 742 

set as maximum allowed MS/MS peaks with a maximum of two missed 743 

cleavages. Maximum false discovery rates (FDR) were set to 1% both on peptide 744 

and protein levels. Minimum required peptide length was five amino acids. 745 
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Protein quantitation was accomplished by calculating the LFQ intensity ratio of KI 746 

or KD pulldown to negative control samples using MaxQuant (version 1.6.8.0) 747 

with standard parameters. 748 

 749 

Dibenzocyclooctyne (DBCO) bead construction. NHS-activated beads (Pierce, 750 

88826) were conjugated to dibenzocyclooctyne-amine (Sigma, 761540) by 90 min 751 

incubation at room temperature with rotation in a saturated 100 mM sodium 752 

bicarbonate (pH 8.0) solution. The beads were then washed and blocked for 2 h 753 

with 3 M ethanolamine according to the manufacturer’s instructions.  After blocking, 754 

the beads were re-suspended in PBS prior to immediate protein conjugation. 755 

 756 

BONCAT (bio-orthogonal non-canonical amino acid tagging). HEK 293T 757 

cells were grown to 80-90% confluency in 15 cm dishes, treated with the 758 

methionine aminopeptidase inhibitor TNP470 (50 nM) for 2 h, then immersed in 759 

methionine-free DMEM (Corning, 17-204-CI) for 30 min before addition of 4 mM 760 

AHA (Click Chemistry tools, 1066-1000) in methionine-free DMEM with 10% 761 

FBS. For stress conditions, cells were treated with 4 mM AHA with simultaneous 762 

exposure to 500 µM sodium arsenite, 20 µM etoposide (Sigma, E1383), or 1 mM 763 

DTT. After a 2 h incubation, the cells were washed twice with cold PBS, 764 

harvested, and flash frozen until further processing. 765 

 766 

DBCO bead enrichment of AHA-labeled proteins and ERLIC (electrostatic 767 

repulsion hydrophilic interaction chromatography) fractionation. AHA-768 

labeled cells were lysed by boiling in 50 mM HCl with 0.01% 2-mercaptoethanol 769 

and 0.05% TritonX-100 for 10 min. The cells were then pelleted at 21,100 g, 4℃ 770 

for 30 min, and passed through a 5 µm filter before size selection with a C8 771 

column (Agilent Technologies, 12102100) essentially as previously reported32. 772 

The C8 column was pre-conditioned with 1 bed volume of methanol and 2 bed 773 

volumes of 0.25 M triethylammonium formate (TEAF, pH 3.0). Then up to 2 bed 774 

volumes of cell lysate were loaded on the column, followed by twice washes with 775 

2 bed volumes of TEAF and elution with 2 bed volumes of ACN:TEAF (1:3). The 776 
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sample was then dried and reconstituted in 300 µL PBS. Cell lysates were 777 

incubated with DBCO beads for 1 h at RT. The beads were washed twice with 1 778 

mL RIPA buffer, once with 1 M KCl, once with 0.1 M sodium carbonate, once 779 

with 2 M urea, twice with RIPA buffer, and finally 6 times with PBS. Proteins 780 

covalently conjugated to the beads were then subjected to reduction, alkylation 781 

and on-bead trypsin digestion according to standard protocols62. 782 

 783 

Before LC-MS/MS, the digested peptides were fractionated using ERLIC on an 784 

Agilent 1100 HPLC. Peptides were re-suspended in 55 µL of 85% ACN/0.1% FA 785 

and 50 µL was loaded onto a polyWAX LP column (150×1.0 mm; 5 µm 300 Å; 786 

PolyLC). Samples were run on an 80 min gradient protocol as follows (Solvent A: 787 

80% ACN 0.1% FA; Solvent B: 30% ACN 0.1% FA): Isocratic flow was 788 

maintained at 100% A at a flow rate of 0.3 mL/min for 5 min, followed by a 17 min 789 

linear gradient to 8% B, and a 25 min linear gradient to 45% B. Finally, a 10 min 790 

gradient to 100% B was followed by a 5 min hold at 100% B before a 10 min 791 

linear gradient back to 100% A, followed by an 8 min hold at 100% A. The 792 

digested peptides were separated into 12-15 fractions which were dried and re-793 

suspended in 7 µL of 3:8 70% FA : 0.1% TFA before LC-MS/MS analysis. 794 

 795 

Generation of knock-in cell lines. MINAS-60 3xGFP11-FLAG-HA KI HEK 293T 796 

cells were generated using CRISPR-Cas9. Guide RNAs (gRNAs) were designed 797 

with the guide design tool from the Zhang lab (crispr.mit.edu) to target the 798 

RBM10 genomic region gRNA1, 5'- TGTCGGCCAGGATTCCTACG-3'; gRNA2, 799 

5'- CCCGATAGTCGCCGTCTCGG-3'. Double-stranded DNA oligonucleotides 800 

corresponding to the gRNAs were inserted into pSpCas9(BB)-2A-GFP vector 801 

(Addgene, as a gift from F. Zhang, MIT, Cambridge, MA). A donor plasmid 802 

containing 300 bp homology left-arm and 300 bp homology right-arm sequence 803 

around the stop codon of MINAS-60, which are separated with 3xGFP11-FLAG-804 

HA tag and BamHI / NotI restriction sites was synthesized by GenScript, and a 805 

DNA sequence containing pGK promoter and hygromycin resistance gene were 806 

subcloned into the donor plasmid using the BamH1 and NotI restriction sites. An 807 
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equal mixture of the gRNA and donor plasmids were transfected into HEK 293T 808 

cells using polyethyleneimine, and hygromycin selection was performed 2 days 809 

post-transfection. MINAS-60-3xGFP11-FLAG-HA KI cells were confirmed by 810 

genomic DNA PCR and sequencing.  811 

 812 

Puromycin incorporation. SUnSET was used to measure protein synthesis63. 813 

Briefly, HEK 293T cells were grown to 80-90% confluency in 6 well plates, then 814 

growth media was replaced with media containing 1 μM puromycin and cells 815 

were incubated at 37℃ in a humidified atmosphere with 5% CO2 for 1 h 816 

according to a previously published protocol56. The cells were then washed once 817 

with PBS, harvested and analyzed with western blotting. 818 

 819 

Sucrose gradient profiling. HEK 293T cells were seeded in 15 cm dishes at 820 

2.5×107 cells per dish and cultured 24 h. Cells were then treated with 100 µg/mL 821 

cycloheximide for 5 min, washed with cold PBS containing 100 µg/mL 822 

cycloheximide twice, harvested and flash frozen until further processing.  823 

 824 

For cytoplasmic polysome profiling, after thawing on ice, cells were lysed in 825 

polysome lysis buffer (20 mM HEPES-KOH pH 7.4, 100 mM KCl, 5 mM MgCl2, 826 

100 µg/mL cycloheximide, 1 mM DTT with 1% TritonX-100, Roche Complete 827 

protease inhibitor cocktail tablets and Ribonuclease Inhibitors (Promega N2511)), 828 

and incubated on ice for 10 min, followed by centrifugation at 21,130 g, 4℃, 10 829 

min. The supernatants were normalized according to absorbance (A260) and 830 

layered onto 12 mL 10-50% sucrose gradients (20 mM HEPES-KOH pH 7.4, 100 831 

mM KCl, 5 mM MgCl2, 100 µg/mL cycloheximide, 1 mM DTT with Roche 832 

Complete protease inhibitor cocktail tablets and Ribonuclease Inhibitors), 833 

followed with centrifugation in an SW-41Ti rotor at 252,878 g, 4℃, 3 h, then 834 

sampled using a Biocomp Gradient profiler (model 251) with constant monitoring 835 

of optical density at 254 nm using standard parameters. Data analysis was 836 

performed with Excel. 837 

 838 
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For sucrose gradient sedimentation analysis of nuclear lysates, thawed cells 839 

were suspended in 1 mL nuclear isolation buffer (10 mM HEPES-KOH pH 7.4, 840 

100 mM KCl, 5 mM MgCl2 with 0.5% NP40, Roche Complete protease inhibitor 841 

cocktail tablets and Ribonuclease Inhibitors), and incubated on ice for 10 min, 842 

followed by centrifugation at 3,000 g, 4℃, 3 min. The nuclear pellets were 843 

suspended in 1 mL nuclear lysis buffer (20 mM HEPES-KOH pH 7.4, 300 mM 844 

KCl, 5 mM MgCl2, 1 mM DTT with 1% TritonX-100, Roche Complete protease 845 

inhibitor cocktail tablets and Ribonuclease Inhibitors), followed with sonication 846 

(50% intensity, 5 s pulse with 25 s rest, 5×, MICROSON XL 2000), and 847 

centrifugation at 21,130 g, 4℃, 10 min. The supernatants were normalized by 848 

A260 and layered onto 12 mL 10-50% sucrose gradients, centrifuged and 849 

sampled as described above. 850 

 851 

Crystal violet staining and cell cycle synchronization. 4×104 HEK 293T cells 852 

were seeded in 12-well plates in triplicate, and fixed in 10% formalin for 15 min at 853 

RT every 24 h. After washing with ddH2O, cells were stained with 0.1% crystal 854 

violet in methanol for 30 min at RT in the dark, followed with three ddH2O  855 

washes and dried. The cells were then immersed in 1 mL 10% acetic acid with 856 

shaking for 20 min. 20 µL of the solution was combined with 80 µL ddH2O  in a 857 

96-well plate, and the optical density at 590 nm was monitored with SynergyTM 858 

HT. 859 

 860 

For cell cycle synchronization, 1.5×105 HEK 293T cells were seeded in 12-well 861 

plates and cultured overnight. Cells were then treated with 2 mM thymidine for 16 862 

h, followed with two PBS washes, and incubated with fresh media for 9 h before 863 

the second 2 mM thymidine block for 14 h following a previously published 864 

protocol64. Cells were washed with PBS, then incubated with fresh media to 865 

release from the G1/S boundary, and fixed in 10% formalin for immunostaining or 866 

harvested for western blotting. 867 

 868 

Northern blot 869 
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Total RNA was extracted from HEK 293T cells using TRIzol reagent. To 870 

determine changes in levels of LSU pre-rRNA intermediates, 3 µg of total RNA 871 

was run on a 1% agarose/1.25% formaldehyde gel in a 1.5 M tricine/ 1.5 M 872 

triethanolamine buffer, followed by an overnight transfer to a Hybond XL nylon 873 

membrane (GE Healthcare, RPN 303S) in 10× saline-sodium citrate transfer 874 

buffer after a brief 15 min soak in a 0.5 M sodium hydroxide solution. Membranes 875 

were then exposed to UV (254 nm) to immobilize the RNA, followed by 876 

incubation with denatured yeast tRNA for 1 h at 42℃, and hybridized overnight at 877 

37℃ with 5' end radiolabeled oligonucleotide probe (P4 5'-878 

CGGGAACTCGGCCCGAGCCGGCTCTCTCTTTCCCTCTCCG-3') in a solution 879 

of 7.5× Denhardt's solution, 5× sodium chloride-sodium phosphate-EDTA buffer 880 

with 0.1% SDS, as previously reported59. Membranes were also hybridized with a 881 

7SL probe (7SL 5'-TGCTCCGTTTCCGACCTGGGCCGGTTCACCCCTCCTT-3') 882 

as a loading control. 883 

 884 

Data availability 885 

Proteomic data were deposited under accession PXD026880. During review, 886 

they can be accessed with username reviewer_pxd026880@ebi.ac.uk and 887 

password 7dkNTlia.  888 
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